Key Summary Points {#FPar1}
==================

*Why carry out this study?*To assess the impact of transcatheter aortic valve implantation (TAVI) on cardiac repolarization, we compared QT dispersion (QTD) and Tpeak--Tend (TpTe) between patients who underwent TAVI and those who underwent surgical aortic valve replacement (SAVR).Our hypothesis is that TAVI might not increase the QTD or TpTe compared to SAVR.*What was learned from the study?*QT dispersion and corrected QT dispersion significantly decreased immediately after surgery in the TAVI group compared with the SAVR group.Our findings indicate that TAVI more rapidly improved dispersion of spatial repolarization than SAVR.

Introduction {#Sec1}
============

In recent times, transcatheter aortic valve implantation (TAVI) has become a routine procedure for high-risk patients who cannot undergo open-heart surgery. However, there have been several reports of associated complications such as vascular injuries, bleeding, stroke, and acute kidney injury (AKI) after TAVI \[[@CR1]\]. Moreover, the long-term outcomes of TAVI in the elderly are still uncertain.

Dispersion of the QT interval (QTD), which is defined as the difference between the maximal and minimal QT interval on a 12-lead surface electrocardiogram (ECG), reflects the regional heterogeneity of ventricular repolarization \[[@CR2]\] and is considered as an index of lethal ventricular arrhythmia \[[@CR3]\]. The increase of QTD might be associated with the risk of cardiac arrest or perioperative cardiac death in patients with aortic stenosis (AS) \[[@CR4]\]. Previous study has revealed that increased QTD due to AS immediately improved after TAVI \[[@CR5]\].

The prolongation of the interval from the peak to the end of the T wave (Tpeak--Tend: TpTe) on ECG and TpTe/QT ratio, which reflects the transmural dispersion of ventricular repolarization (TDR), has also been associated with the incidence of ventricular arrhythmia \[[@CR6], [@CR7]\]. Similar to QTD, TpTe is prolonged in patients with severe AS and immediately recovers after TAVI \[[@CR8]\].

To compare the impact of surgical aortic valve replacement (SAVR) and TAVI on cardiac repolarization, we measured QTD and TpTe before surgery, immediately after surgery, and 1 month, 3 months, and 6 months after surgery.

Methods {#Sec2}
=======

Forty-five patients aged 69--95 years who underwent TAVI and 45 patients aged 55--85 years who underwent SAVR at Dokkyo Medical University Hospital between April 2015 and March 2019 were included in the retrospective study. Patients with complete or incomplete bundle branch block, pacemaker rhythm, non-interpretable ECG data, antiarrhythmic drugs with a possible risk of QT prolongation, and significant coronary artery disease diagnosed by coronary angiography (CAG) were excluded from this study. Upon screening the medical records, four patients from the TAVI group and four patients from the SAVR group were excluded due to an indistinct T wave in 12-lead ECGs. All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and national research committee and the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. Informed consent was obtained from all the participants and this study was approved by the ethics committee of Dokkyo Medical University (registration number: R-9-13). The study was registered at the UMIN Clinical Trials Registry (registration number: UMIN000033701).

Measurement of QT, QTD and TpTe {#Sec3}
-------------------------------

Standard 12-lead ECG recordings were obtained from patients at a paper speed of 25 mm/s. The RR interval, QT interval, corrected QT (QTc) interval, QTD, QTcD, TpTe interval, TpTe/QT ratio, and TpTe/QTc ratio were manually measured in the ECG recordings. The QT interval in leads II and V5 was measured using the tangent method, and it was considered as the interval from the onset of the Q wave, which was defined as the intersection of a threshold level with the differential of the Q wave, to the end of the T wave, which was defined as the intersection of a tangent to the steepest slope of the last limb of the T wave and the baseline (Fig. [1](#Fig1){ref-type="fig"}). The QTc interval was calculated using Fridericia's formula (QTc = QT/3√RR). The TpTe interval was measured as the interval from the peak of the T wave to the end of the T wave in lead II. The end of the T wave was determined using the tangent method. Three consecutive cycles in lead II were measured and averaged for analysis of the RR interval, QT interval, and TpTe interval. The QTD was defined as the difference between the maximum and minimum mean QT interval on 12-lead ECG. The mean value of data derived from three successive beats for each lead was used for analysis. Leads in which the end of the T wave could not be clearly detected were excluded from the study. The investigator who measured these values was blinded to group allocation (TAVI or SAVR group). The ECG recordings were performed before the surgery, immediately after surgery, and 1 month, 3 months, and 6 months after surgery in both groups.Fig. 1Measurement of QT interval and Tpeak--Tend using the tangent method

Statistical Analyses {#Sec4}
--------------------

Data are expressed as mean ± standard deviation. Patient characteristics were analyzed using the Mann--Whitney *U* test, Fisher's exact test, and Chi-square test as appropriate. The RR interval, QT interval, QTc interval, QTD, QTcD, TpTe interval, TpTe/QT ratio, and TpTe/QTc ratio were analyzed using the Mann--Whitney*U* test and analysis of co-variance (ANCOVA) after adjustment of age, sex, and duration of hospitalization. These statistical analyses were performed using IBM SPSS 24.0 (IBM Japan, Tokyo). In all analyses, the probability to detect a significant difference was set at 5% (*P* \< 0.05).

Results {#Sec5}
=======

Table [1](#Tab1){ref-type="table"} shows the patient characteristics for the present study. There were no significant differences in body mass index (BMI), aortic valve area (AVA), peak gradient, mean gradient, left ventricular ejection fraction (LVEF), and duration to discharge after surgery between the two groups. The number of females was significantly higher in the TAVI group than in the SAVR group. The mean age of the participants in the TAVI group was higher than in the SAVR group (*P* \< 0.0001). The height and weight of the participants were significantly higher in the SAVR group as compared to the TAVI group (*P* \< 0.0001).Table 1Patient characteristicsTAVI (*n* = 45)SAVR (*n* = 45)*P* valueSex (male/female)9/3622/230.0073Age (years)84.9 ± 5.074.4 ± 7.4\< 0.0001Height (cm)145.8 ± 9.7155.8 ± 8.8\< 0.0001Weight (kg)46.0 ± 10.455.1 ± 11.3\< 0.0001BMI (kg/m^2^)21.5 ± 3.822.6 ± 4.00.16AVA (cm^2^)0.67 ± 0.170.65 ± 0.220.58Peak gradient (mmHg)88.1 ± 27.296.9 ± 30.40.15Mean gradient (mmHg)54.2 ± 18.758.7 ± 19.20.25LVEF (%)62.1 ± 10.560.0 ± 13.60.42Duration to discharge after surgery21.1 ± 23.424.4 ± 15.10.43NYHA classification (%) I6.78.90.706 II53.355.6 III33.333.3 IV6.72.2Hypertension (%)84730.18Diabetes mellitus (%)22330.21Hyperlipidemia (%)44470.76Smoker (%)20180.83Peripheral arterial disease (%)990.97Coronary artery disease (%)29220.63Data are presented as mean ± standard deviation*BMI* body mass index, *AVA* aortic valve area, *LVEF* left ventricular ejection fraction, *NYHA* New York Heart Association

Table [2](#Tab2){ref-type="table"} shows the evaluation of the RR interval, QT interval (in leads II and V5), QTc interval (in leads II and V5), QT dispersion, QTc dispersion, TpTe, TpTe/QT ratio, and TpTe/QTc ratio in the two groups at each time. Before surgery, no significant difference was observed in RR interval, QT interval, QTc interval, QT dispersion, QTc dispersion, TpTe, TpTe/QT ratio, and TpTe/QTc ratio between the two groups. The RR, QT, and QTc in leads II and V5 did not change throughout the observation in both groups. The QTD and QTcD were significantly lower immediately after surgery in the TAVI group than in the SAVR group (*P* \< 0.001). The QTD and QTcD in SAVR decreased gradually, but not significantly 6 months after surgery. The TpTe, TpTe/QT, and TpTe/QTc did not change throughout the observation.Table 2Comparison of electrocardiographic variables between TAVI and SAVR groups at each time using a Mann--Whitney *U* testPre-operationImmediately after procedure1 month3 months6 monthsTAVISAVRTAVISAVRTAVISAVRTAVISAVRTAVISAVR*n*41414141403730153414RR (ms)917 ± 127902 ± 213812 ± 23792 ± 23865 ± 25908 ± 26894 ± 25910 ± 39904 ± 26884 ± 46QT in II (ms)401 ± 34389 ± 49402 ± 46387 ± 41398 ± 40394 ± 45398 ± 40402 ± 32401 ± 42400 ± 35QT in V5 (ms)397 ± 37391 ± 48394 ± 46391 ± 40397 ± 35394 ± 47394 ± 34402 ± 35396 ± 40391 ± 28QTc in II (ms)421 ± 37417 ± 36445 ± 32435 ± 44428 ± 44418 ± 35424 ± 34420 ± 29425 ± 34422 ± 27QTc in V5 (ms)415 ± 32421 ± 38441 ± 35437 ± 41429 ± 38419 ± 35419 ± 29418 ± 31420 ± 33417 ± 33QTD (ms)67 ± 2367 ± 1958 ± 17\*72 ± 1756 ± 1461 ± 1654 ± 1958 ± 1652 ± 1459 ± 15QTcD (ms)71 ± 2572 ± 2062 ± 16\*81 ± 1860 ± 1766 ± 1857 ± 1761 ± 1856 ± 1462 ± 15TpTe (ms)74 ± 1572 ± 1470 ± 1472 ± 1069 ± 1772 ± 1371 ± 1369 ± 1172 ± 1272 ± 6TpTe/QT ratio0.19 ± 0.040.19 ± 0.040.18 ± 0.030.19 ± 0.030.17 ± 0.040.18 ± 0.040.18 ± 0.040.17 ± 0.030.18 ± 0.030.18 ± 0.02TpTe/QTc ratio0.18 ± 0.030.17 ± 0.030.16 ± 0.030.17 ± 0.030.16 ± 0.040.17 ± 0.030.17 ± 0.030.16 ± 0.030.17 ± 0.030.17 ± 0.02Data are presented as mean ± standard deviation*QTD* QT dispersion, *QTcD* QTc dispersion, *TAVI* transcatheter aortic valve implantation, *SAVR* surgical aortic valve replacement, *TpTe* Tpeak--Tend\**P* \< 0.05 versus SAVR group

Table [3](#Tab3){ref-type="table"} shows the analyses of ECG variables using a general linear model with analysis of covariance after adjustment of age, sex, and duration to discharge after surgery. After adjustment of age, sex, and duration to discharge after surgery, there were significant differences in QTD and QTcD between TAVI and SAVR immediately after surgery (*P* \< 0.001). There was a significant difference in QT in lead V5 between TAVI and SAVR at 3 months (*P* = 0.028). However, RR, QTc, TpTe, TpTe/QT, and TpTe/QTc were not changed throughout the observation.Table 3Analyses of electrocardiographic variables before and after treatment using a general linear model with analysis of covarianceImmediately after procedure1 month3 months6 monthsTAVISAVRTAVISAVRTAVISAVRTAVISAVR*n*4141403730153414RR (ms)812 ± 23792 ± 23865 ± 25908 ± 26894 ± 25910 ± 39904 ± 26884 ± 46QT in II (ms)405 ± 9386 ± 8393 ± 8401 ± 8393 ± 7410 ± 10402 ± 8396 ± 13QT in V5 (ms)405 ± 8385 ± 8390 ± 8405 ± 8386 ± 6\*415 ± 9396 ± 7395 ± 13QTc in II (ms)446 ± 8435 ± 7.3420 ± 7421 ± 7422 ± 6426 ± 8427 ± 6419 ± 11QTc in V5 (ms)448 ± 8437 ± 7418 ± 6425 ± 6414 ± 6436 ± 8420 ± 6423 ± 10QTD (ms)55.0 ± 3.1\*76.0 ± 3.258 ± 2.859 ± 3.053.3 ± 3.161.0 ± 5.054.9 ± 2.352.9 ± 4.0QTcD (ms)57.8 ± 3.2\*85.4 ± 3.261.7 ± 3.163.0 ± 3.258.0 ± 3.262.7 ± 4.858.2 ± 2.756.4 ± 4.6TpTe (ms)71.0 ± 2.471.9 ± 2.371.4 ± 2.969.3 ± 2.971.1 ± 2.767.1 ± 4.171.5 ± 2.371.0 ± 3.7TpTe/QT ratio0.18 ± 0.010.19 ± 0.010.18 ± 0.010.17 ± 0.010.18 ± 0.010.17 ± 0.010.17 ± 0.010.19 ± 0.01TpTe/QTc ratio0.16 ± 0.010.17 ± 0.030.17 ± 0.010.17 ± 0.010.17 ± 0.010.16 ± 0.010.17 ± 0.010.17 ± 0.01Data are presented as mean ± standard deviation, which is estimated by baseline value of each parameter, age, sex, and duration to discharge after surgery*QTD* QT dispersion, *QTcD* QTc dispersion, *TAVI* transcatheter aortic valve implantation, *SAVR* surgical aortic valve replacement, *TpTe* Tpeak--Tend\**P* \< 0.05 versus SAVR

Discussion {#Sec6}
==========

Comparison of QT Interval in TAVI and SAVR {#Sec7}
------------------------------------------

No significant differences in QT and QTc between TAVI and SAVR were observed in the present study. However, QTc, but not QT, was slightly increased immediately after surgery as compared to pre-surgery in both the groups. We also observed decreased RR interval immediately after surgery in both the groups. However, these RR changes recovered on postoperative day 1. The QTc may be overcorrected due to tachycardia after the surgery. Sinus tachycardia, which may be caused by release of catecholamine in response to surgical stress or anemia, is common and subsides within a few days after the surgery. A postoperative tachycardia should not be dismissed within the first 4 days post-surgery \[[@CR9]\].

Comparison of QTD Between TAVI and SAVR {#Sec8}
---------------------------------------

In the present study, QTD and QTcD remained high immediately after surgery in the SAVR group, whereas QTD and QTcD in the TAVI group decreased. These differences in QTD and QTcD eliminated 1 month after surgery. QTD is increased in most patients with AS and these changes are weakly related to the degree of left ventricular hypertrophy \[[@CR4]\]. Several studies have shown that increased QTD due to AS, which is associated with the risk of ventricular arrhythmia, decreases after TAVI \[[@CR7], [@CR10]\]. Our findings also confirmed that prolonged QTD and QTcD rapidly decline after TAVI treatment, whereas SAVR slowly recovers QTD and QTcD. TAVI might therefore imply a higher postoperative arrhythmia risk than SAVR. However, in our cohort of *n* = 45 patients undergoing TAVI, none experienced early postoperative ventricular arrhythmias.

Comparison of TpTe Between TAVI and SAVR {#Sec9}
----------------------------------------

The peak of the T wave depicts the end of the epicardial action potential and the end of the T wave shows the M cell action potential (mid-myocardium). Hence, the action potential duration of the longest M cell determines the TpTe interval and serves as an index of TDR \[[@CR11]\]. Similar to TpTe, the TpTe/QT ratio is a significant marker for evaluating the TDR under the conditions of long QT, short QT, Brugada syndrome, and acute ST-segment elevation \[[@CR6]\]. In addition, TpTe, TpTe/QT, and TpTe/QTc exhibited a positive correlation with mean aortic gradient, and might be a predictor of AS severity \[[@CR12]\]. Our findings indicate that TpTe, TpTe/QT, and TpTe/QTc were not prolonged in either the TAVI or SAVR groups, whereas QTD and QTcD were increased in the SAVR group, but not in the TAVI group. The contradiction between QTD, which shows the spatial distribution of repolarization, and TpTe, which shows the TDR, has been uncertain in the present study. Our hypotheses for this contradiction are as follows: (1) spatial inhomogeneity might be more susceptible to hypoperfusion (endocardial or subepicardial damage) compared to transmural inhomogeneity (a higher degree of myocardial damage), (2) the sample size of this study might be insufficient to detect the transmural inhomogeneity, (3) to detect the accurate transmural inhomogeneity, we might have to measure multiple TpTe or dispersion of TpTe \[[@CR13]\]. To clarify the clinical significance of QTD and TpTe, further studies are needed.

Limitations {#Sec10}
-----------

The long-term outcome of TAVI and SAVR remain controversial. In the short term, mortality and hospitalization are better in TAVI as compared to SAVR \[[@CR1]\]. However, after 1 year, mortality worsened in the TAVI group as compared to SAVR \[[@CR14]\]. To clearly determine the effect of TAVI on cardiac repolarization, long-term comparison between TAVI and SAVR is essential.

There was a significant difference in QT in lead V5 at 3 months. Such a statistical difference might arise from the reduction of participants in the late perioperative period of this observation. In our observation, the number of patients whose ECGs were obtained were gradually reduced, especially in SAVR (at 3 months: *n* = 15, at 6 months: *n* = 14) because of the transfer to another hospital. At 3 and 6 months, it was difficult to compare the ECG parameters in the present study. Further studies and accumulation of long-term outcomes are needed to determine the benefit of TAVI.

Conclusions {#Sec11}
===========

Our findings suggest that QTD decreased immediately after surgery in TAVI patients compared to SAVR patients. In terms of cardiac repolarization, TAVI might be a safer option as compared to SAVR, especially in the early postoperative period. However, further studies are needed to compare the long-term outcomes of TAVI and SAVR.
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